Introduction 27
With current legislative pressure to eliminate Cr(vi)-based inhibitors from protective 28 coating formulations, there is a pressing need to identify effective, environmentally-29 friendly alternatives. Chromate-free passivation treatments have been studied 30 extensively [1] [2] [3] [4] and the most widely used alternative to chromate is a phosphate 31 passivating treatment. Such a system facilitates the precipitation of protective zinc 32 compounds via the supply of soluble anions that react with the zinc ions generated in 33 metal dissolution 5 . A phosphate passivation treatment generates a Zn 3 (PO 4 ) 2 barrier 34 to inhibit the anodic process 4-5 , the formation of which can act to extend the pH 35 stability of the surface layer down to values of around pH 6. However, as zinc 36 phosphates are 1000 times more soluble than Cr (III), inferior corrosion inhibition 37 performance is observed 7 . The corrosion of a zinc surface generates a wide range of 38 pH zones, whether in bulk electrolyte conditions, atmospheric conditions or, most 39 notably, under a water droplet 8, 9 . Corrosion-driven cathodic coating delamination 40 phenomena produces an alkaline underfilm environment where values of pH 10-11.5 41 have been recorded previously on a coated zinc surface 10 . In order to compete with an 42 adsorbed chromium (III) oxide layer, an effective corrosion inhibitor system would 43 have to be stable in a range of pH 4-14 7 . It is therefore of great importance to 44 examine potential chromate replacement inhibitors in non-neutral conditions. 45
In a recent Scanning Kelvin probe study, we showed that in-coating additions of H 2 PP 46 increased the initiation time for underfilm cathodic coating delamination by up to 20 h 47
In all cases samples were fully immersed, exposed area uppermost, in 5% NaCl (aq) 101 electrolyte containing the relevant amount of phenyl phosphonic acid or sodium 102 phosphate. The electrolyte bath was left unstirred and in contact with room air at a 103 nominal temperature of 20°C. The SVET probe was held vertically and scanned at a 104 fixed height of 100 µm above the metal surface. Scans were carried out immediately 105 following immersion and at half-hourly intervals over a period of 24 h where a typical 106 area of 9 mm x 9 mm was scanned. SVET experiments were carried out three times 107 and representative data is presented. Time-dependent free corrosion potential 108 measurements were performed using a Solartron SI 1280B Electrochemical 109
Workstation. 110 111
Mass loss experiments were carried out by first cutting the HDG material into a 112
coupon of approximately 20 mm x 20 mm. Coupons were then cleaned and weighed 113 and subsequently taped using 90 µm thick extruded PTFE 5490 tape (3M Ltd.) 114 leaving a 10 mm x 10 mm exposed surface. Samples were then fully immersed in the 115 relevant electrolyte for a period of one week. A baseline for the current density distributions, as a function of time, above the 132 surface of unpolarised HDG samples freely corroding in uninhibited 5% wt/v NaCl 133 (aq) at pH 7 was established using an in situ SVET. Representative current density 134 maps obtained at times between 1 h and 24 h, after initial sample immersion, are 135 shown in Figure. 1. It can be observed that corrosion activity occurs with the 136 development of a single anode and a single cathode. For the duration of the 24 h 137 experiment, the large cathode occupies roughly one third of the experiment area and 138 the anode remains localised throughout. The photographic image presented in Figure. 139 1(f) shows white rust corresponding to the anodic region observed on the current 140 density maps. The principal anodic and cathodic processes that occur on a freely 141 corroding Zn surface in solutions of neutral pH are: 142 concentration is increased, the J at is progressively decreased. However, at the higher 242 concentration of H 2 PP, it can be observed that intense localised anodic activity occurs 243 in between periods of total inhibition. This is shown by the anodic spikes that initiate 244 at immersion times of approximately 2 h and 22 h and remain for approximately 3 h. 245
We suggest that, in alkaline conditions, H 2 PP acts as an adsorption inhibitor whereby 246 the PP on the sample surface after 24 h when immersed in solution at pH 11.5. As with 296 experiments carried out at pH 7, all visible corrosion product is constrained to an 297 isolated region and the remainder of the surface is corrosion-free. However, the 298 SVET surface map shows several local anodes in a region covering half the 299 experiment area. Extremely low initial J at values were recorded in the presence of 300 Na 3 PO 4 (as shown in Figure 13 SVET-derived mass-loss data (Figure 14(a) ) calculated using Equation (4) indicates 313 that, in all cases, Zn mass loss is at a minimum when experiments were carried out in 314 neutral conditions. In all pH conditions, additions of H 2 PP appear to reduce Zn loss 315 when compared with the uninhibited experiment. H 2 PP additions were least effective 316 in acidic conditions. 317 ( Figure 14) 
318
The results suggest that, at pH 7, Na 3 PO 4 additions appear to significantly reduce Zn 319 loss. However, in non-neutral conditions, additions of Na 3 PO 4 increased Zn loss when 320 compared to the uninhibited experiment. The results presented here indicate that 321 Na 3 PO 4 additions are less effective than H 2 PP. To investigate this further, [Zn 2+ ] 322 threshold for the precipitation of solid Zn 3 (PO 4 ) 2 is calculated. As described above, 323 phosphorus oxyacids undergo a series of stepwise deprotonations and a progressively 324 higher pK a is exhibited with each step. The first, second and third pK a values are 2.0, 325 6.9 and 12.3 respectively for Na 3 should be the more effective inhibitor. However, it is proposed that the incomplete 337 inhibition observed in this case, where availability of PO 4 3− is not limited, results from 338 precipitation of Zn 3 (PO 4 ) 2 in solution above the sites of anodic Zn dissolution and not 339 directly on the corroding surface. This is represented schematically in Figure 15 . 340
Zn

2+
, therefore, does not migrate to sites of local cathodic activity, as is the case with 341 ZnPP (illustrated in Figure 6 (b)), to instigate the deposition of blocking films of 342 Zn 3 (PO 4 ) 2 directly on these regions. This was observed previously by Williams et al 343 where the effect of a phosphate inhibitor on a corroding magnesium surface was 344 assessed 22 . 345 (Figure 15 ) 346
Gravimetric mass-loss experiments 347
Results for gravimetric mass-loss experiments are given in Figure 14(b) generally 348
show good correlation with most SVET-derived data. One exception is the 349 uninhibited experiments carried out at pH 2 where a significantly higher value of Zn 350 loss was recorded when compared to the SVET-derived data given in Figure 14 
361
Gravimetric mass loss experiments carried out with 5x10 -2 mol dm -3 H 2 PP additions at 362 pH 11.5 also showed significantly higher values (Figure 14(b) ) when compared with 363 the SVET-derived data (Figure 14(a) ) obtained after 24 h immersion. The J at vs. time 364 profile given in Figure 9 (b)iii indicates that the surface re-passivates for 17 h 365 following intense and highly localised anodic activity, as shown in the current density 366 surface maps given in Figure 11(a-c) . Samples in the gravimetric mass loss 367 experiment must be immersed in the corrosive environment for one week in order to 368 make discernible weight-change measurements. As such, it is likely that, over this 369 longer time period, the protective barrier is broken down to the point that no further 370 passivation occurs leading to further corrosion activity. The photographic image of 371 the sample surface (Figure 11(d) ) after the SVET experiment shows hydrolysed 372 corrosion product covering areas of the sample surface that do not correspond with 373 any anodic features in the current density maps given in Figure 11(a-c) . We suggest 374 that either general corrosion is occurring in these areas and anodic activity has gone 375 undetected by the SVET, or corrosion product has been produced from one small and 376 highly intense anodic region and subsequently moved through the electrolyte. In the 377 case of the latter, there would be no reason to suggest that the SVET-derived data is 378 not a true representative of the corrosion activity occurring on the sample surface over 379 24 h. 380
381
Inhibition efficiency (%) values, calculated using Equation 5 are listed in Table 1 for 382 both SVET-derived and gravimetric mass-loss values measured in p H 2, pH 7 and pH 383 11.5. The SVET-derived results show an efficiency of 96.3% for experiments carried 384 out in neutral conditions and, as would be expected, the general trend is for efficiency 385 to be reduced where pH is above and below neutral. 386 387 14 h where d) shows a photographic image of the sample after 24 h immersion. 456 Figure. 11. SVET derived current density surface map of unpolarised HDG obtained 457 following immersion in aerated 5% (w/v) NaCl (aq) at pH 11.5 containing 5x10 -2 mol 458 dm -3 H 2 PP at (a) 2 h, (b) 3.5 h, c) (e) 22 h where (d) shows a photographic image of 459 the sample after 24h immersion. 460 461 Figure. 12. i) SVET-derived current density surface maps of unpolarised HDG 462 obtained following immersion in aerated 5% (w/v) NaCl (aq) containing 5x10 -2 mol 463 dm -3 Na 3 PO 4 after 24 h and ii) a photographic image of the sample after 24 h 464 immersion where the bulk electrolyte was adjusted to a) pH 2, b) pH 7 and c) pH 11.5. 465 Figure. 13. Summary of area-averaged, integrated SVET-derived anodic current 466 density versus time profiles obtained for HDG immersed in aerated 5% (w/v) NaCl 467 (aq) containing i) no inhibitor and ii) 5x10 -2 mol dm -3 PO 4 3-adjusted to a) pH 2 b) pH 468 7 and c) pH 11.5. 469 Figure. 14. Bar charts showing Zinc loss (gm -2 ) from HDG samples after immersion 470 in aerated 5% (w/v) NaCl (aq) at pH 2, pH 7 and pH 11.5 for additions of H 2 PP and 
